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Purpose: The in-stent signal reduction of the stented artery caused by susceptibility artifact or radiofre-
quency shielding artifact limited the use of time-of-flight MR angiography (TOF-MRA) as a follow-
up tool after intracranial stenting. We showed the degree of an artifact according to different
stent types, and optimized MR parameters for TOF-MRA in patients with intracranial stent on 3.0 T
MRI. 
Materials and Methods: Four stents (Neuroform, Wingspan, Solitaire, and Enterprise) were placed in a
vascular flow phantom and imaged by changing flip angle (FA; 20� ,30� ,40� ,50� and 60� ) and band-
width (BW; 31, 42 and 62.5 KHz) using TOF-MRA. Source data of each image set with different FA
and BW were reconstructed with the maximal intensity projection (MIP) technique, and MIP images
were used to evaluate the in-stent signal reduction of each stent according to the change of MR
parameters. The in-stent signal reduction was assessed by calculating the relative in-stent signal
(RIS) inside the stent as compared with background and signal intensity of the tube outside the
stent. The optimal FA and BW of each stent were determined by comparing the RIS in each stent by
one-sample t test. Finally, one neuroradiologist chose one image set with the best image quality.
Results: The mean RIS for Neuroform, Wingspan, Solitaire and Enterprise stent was 66.3 ± 6.0, 44.2 ±
5.8, 22.8 ± 3.3 and 8.2 ± 2.9, respectively. The significantly high RIS of each stent was obtained
with FA/BW value of 20� /31 KHz (Neuroform), 20� /31 KHz and 30� /42 KHz (Wingspan), 40� /42 KHz
and 50� /31 KHz (Solitaire) and 40� /31 KHz and 50� /31 KHz (Enterprise). Among these MIP images
with significantly high RIS, images with FA/BW value of 20� /31 KHz (Neuroform and Wingspan) and
50� /31 KHz (Solitaire and Enterprise) had the best image quality.  
Conclusion: The degree of artifact was variable according to the design of each intracranial stent. The
luminal visualization of closed-cell design stents such as Solitaire and Enterprise can be improved by
higher FA. Thus, MR parameter should be adjusted according to the type of intracranial stents.  
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http://dx.doi.org/10.5469/neuroint.2011.6.2.71Intracranial stents were used for treating sympto-
matic, severe arterial stenosis or assisting coil
embolization in wide-neck aneurysm [1-9]. However,
these stents cause endothelial hyperplasia, and
thrombosis that might cause significant stenosis or
occlusion of stented arteries [6]. Thus, it is important to
detect significant stenosis or occlusion before adverse
event occurs. Transfemoral cerebral arteriography
(TFCA) has been considered as the method of
reference for evaluation of the stented arteries.
However, it is invasive and has the potential risk of
neurological complications [10]. Contrast-enhanced
MR angiography (CE-MRA) seemed to be alternative
to TFCA in terms of detecting restenosis of artery after
large arteries such as carotid, iliac or femoral arteries
[11-13]. However, CE-MRA requires the use of
gadolinium contrast media, which have the risk of
anaphylaxis, renal complication, and nephrogenic
systemic fibrosis [14]. Time-of-flight (TOF) MRA is a
widely used and well-established MRA technique for
evaluating intra- and extra-cranial arterial pathology
without contrast media [15, 16]. However, various
metallic stents cause the variable degree of luminal
signal loss of the stented artery due to susceptibility
artifact or radiofrequency (RF) shielding artifact [17-
19]. Therefore, it is difficult to evaluate patency of
stented intracranial artery which is usually less than 3
mm.  
In this report, we showed the degree of the artifact
according to different stent types, and proposed
optimized MR parameters with emphasis on the change
of flip angle (FA) and bandwidth (BW) for TOF-MRA
in patients with intracranial stents on 3.0 T MRI.  
MATERIALS AND METHODS
Vascular phantom
The stents were placed in a silicone tube with an
inner diameter of 3 mm. Four different stents
[Neuroform (4.5 × 20 mm, Boston Scientific,
Fremont, CA, U.S.A.), Wingspan (4.5 × 20 mm,
Boston Scientific, Fremont, CA, U.S.A.), Solitaire (4
× 20 mm, ev3, Irvine, CA, U.S.A.) and Enterprise (4.5
× 28 mm, Codman Neurovascular, Miami, FL,
U.S.A.)] were deployed in four tubes. The silicone
tubes were placed inside the transparent plastic box
filled with ultrasound gel (Progel; Dayo Medical Co.,
Ltd., Seoul, Korea). The silicone tubes were filled with
normal saline solution and connected to high-powered
solenoid metering pump (Gamma/L; Prominent Korea,
Gounggyi, Korea). This pump could deliver constant
pulsatile flow with rate of 70 beat/min. This vascular
phantom was placed in the center of the head coil with
the longitudinal axis of the stented tube roughly
parallel to the main magnetic field.
MR Imaging
All MR images were obtained on a GE 3.0T scanner
(Signa HDx; GE Healthcare, Milwaukee, WI, U.S.A.)
with an 8 channel head-coil. At first, we obtained three-
dimensional (3D) TOF-MRA with parameters as
follows: Spoiled gradient-echo sequence with
TR/TE/FA, 24 msec/2.7 msec/20� ; FOV/Matrix, 180
mm/384 × 224; slice thickness/slice overlap, 1.2
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Table 1. Relative In-stent Signal Intensity of Each Stent According to Flip Angle and Bandwidth
FA BW TE TR
Relative In-stent Signal (%)
Neuroform Wingspan Solitaire Enterprise
20 31 2.7 72.8 52.1 15.3 1.8
30 31 2.7 67.3 48.3 21.7 7.9
42 2.5 70.0 49.0 21.1 8.8
63 2.2 67.8 47.8 22.2 6.6
40 31 2.7 24 64.1 42.7 25.1 10.6
42 2.5 69.8 41.7 25.3 9.8
63 2.2 69.2 44.2 24.7 9.8
50 31 2.7 63.3 39.3 25.3 11.5
60 31 2.7 52.5 33.1 24.5 7.2
Mean RIS (%) 66.3 ± 6.0 44.2 ± 5.8 22.8 ± 3.3 8.2 ± 2.9,
Note.─ FA: flip angle, BW: bandwidth, TR: repetition time, TE: echo time
Relative In-stent Signal (%) = RIS (%) = [(SIin-stent - SIbackground) / (SItube-SIbackground) ] × 100
Bold texts mean two highest values of RIS in the raw.mm/50%; ASSET factor, 2; and actual bandwidth, 31
KHz. Vein saturation slab or optimized RAMP pulse
was not used. We hypothesized that the major artifacts
caused by metallic stent were susceptibility artifact and
RF shielding artifact, thus we changed FA and BW to
minimize these artifacts. The shortest TE was used to
minimize signal loss due to dephasing or susceptibility
artifact. The shortest TE was ranged from 2.2 msec to
2.7 msec and automatically selected according to the
change of BW. The change of FA, BW and TE was
shown in Table 1.    
A total of 120 slices was sampled in one slab. The
scan range was 72 mm. Our imaging parameters
yielded a measured voxel size of 0.352 × 0.352
× 0.6 mm. Acquisition time was 2 minutes, 57
seconds.  
Image Reconstruction and Interpretation
Source data of each imaging set were reconstructed
with the maximal intensity projection (MIP) technique.
All the image interpretation of MRA was performed on
a PACS monitor by one board-certified radiologist. In-
stent signal reduction was assessed by calculating the
relative in-stent signal (RIS) inside the stent as
compared with background and signal intensity of the
tube outside the stent. This was obtained by measuring
mean values of signal intensity (SI) from rectangular
(at least 5 mm
2) regions of interest placed in the lumen
of stented segment of the tube, proximal segment of the
tube without stent and background filled with
ultrasound gel. The RIS was calculated as followed:  
RIS (%) = [(SIin-stent - SIbackground) / (SItube-SIbackground) ]
× 100
The mean and standard deviation for each stent
according to various MR parameters were obtained and
one-sample t-test were used to select significantly high
RIS value of the each stent. The level of statistical
significance was set at 0.05. Among the MIP images
with significantly high RIS value in each stent, one
neuroradiologist, who has been working in MRA
interpretation for 9 years, choose one image set with
best image quality.  
RESULTS
The RIS of each stent according to changes of FA
and BW was shown in Table 1. The RIS differed
between stent and sequence, and in-stent stent signal
reduction occurred in all stents. The mean RIS for
Neuroform, Wingspan, Solitaire and Enterprise stent
was 66.3 ± 6.0, 44.2 ± 5.8, 22.8 ± 3.3 and 8.2 ±
2.9, respectively. The RIS of Neuroform and Wingspan
decreased as the FA increased. However, the RIS of
Solitaire and Enterprise increased as the FA increased
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Fig.  1.  Relative  In-stent  Signal
According to the Change of FA.
Bars represent RIS for each stent
according to the change of FA at BW of
31 KHz. The number in the boxes
means RIS value for each stent.to the FA value of 50 (Figs. 1, 2). The mean RIS of the
all stents according to the change of FA and BW was
not significantly different. The significantly high RIS
of each stent Neuroform, Wingspan, Solitaire and
Enterprise was obtained with FA/BW value of 20� /31
KHz (Neuroform, RIS = 72.8, p = 0.000), 20� /31 KHz
and 30� /42 KHz (Wingspan, RIS = 52.1 and 49.0, p =
0.004 and 0.04), 40� /42 KHz and 50� /31 KHz
(Solitaire, RIS = 25.3 and 25.3, p = 0.05)and 40� /31
KHz and 50� /31 KHz (Enterprise, RIS = 10.6 and 11.5,
p = 0.038 and 0.009), respectively (Table 1, Fig. 3).
Among these MIP images with significantly high RIS,
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Fig. 3. MIP images of the each stent
with significantly high RIS. MIP images
of Neuroform (A, FA/BW; 20� /31 KHz),
Wingspan (B.1, FA/BW; 20� /31 KHz,
and B.2, FA/BW; 30� /42 KHz), Solitaire
(C.1, FA/BW; 40� /42 KHz, and C.2,
FA/BW; 50� /31 KHz) and Enterprise
(D.1, FA/BW; 40� /31 KHz, and D.2,
FA/BW; 50�/31 KHz). A band-like
artifact (arrowhead) is visible at the end
of the each stent due to platinum
marker. A complete signal loss of the
lumen (arrow) near the proximal marker
of the Solitaire stent was shown. 
Fig. 2. Mean Relative In-stent Signal
According to the Change of Bandwidth. 
Bars represent mean RIS (mean of RIS
at FA of 30�and 40� ) for each stent
according to the change of BW. The
number in the boxes means mean RIS
value for each stent.images with FA/BW value of 20� /31 KHz (Neuroform
and Wingspan), 50� /31 KHz (Solitaire) and 50� /31
KHz (Enterprise) were chosen to be the best (Fig. 3). A
band-like artifact was observed at the end of the each
stent and a complete signal loss was observed neat the
proximal marker of the Solitaire stent (Fig. 3).
DISCUSSION
TOF-MRA can demonstrate pathology of the intracra-
nial large arteries that is less than 3 mm in diameter.
However, it is difficult to interpret patency and/or
degree of stenosis of stented artery on TOF-MRA
because of susceptibility artifact or RF shielding effect
of intracranial stents [17, 19, 20]. In our daily practice,
we observed that the degree of image degradation by
these artifacts were variable according to the type of
intracranial stents. Thus, we needed to optimize MR
parameters according to each intracranial stent.
When we obtain the MRA of intracranial large
arteries using TOF, the selection of FA and repetition
time is a compromise between saturating background
tissue and not saturating blood. Typical FA values
range between 20� and 35� for 3D TOF, and these
values were applicable to obtaining intracranial large
arteries without stent insertion. However, the intracra-
nial stents causes two major types of artifact known as
susceptibility artifacts and RF shielding artifacts [18,
19, 21-24]. Thus, to obtain MRA without severe
artifacts, we should not consider only factors for
increasing contrast between blood and background, but
also factors for reducing stent-related artifact.  
The RF shielding artifact is caused by eddy currents
induced in the electrically conducting wire mesh of the
stent [19, 21, 22]. These eddy currents produce an
opposing RF field, which reduces the sensitivity of
receiving and emitting signal within the stent. The RF
shielding artifact may be attenuated by increasing RF
power of the excitation pulse [21, 22]. Because the FA
is proportional to the integral of the RF pulse, high
power RF pulse was required to create an excitation
pulse with higher FA. The higher FA is used, the more
transverse magnetization is created. Thus, the
transverse magnetization of unsaturated blood of fast
arterial flow in the imaging plane increases. Although
high FA in TOF-MRA may cause signal loss of the
peripheral small arteries or arteries with the slow flow
due to saturation effect, the proximal portion of
intracranial large arteries such as M1 segment of
middle cerebral artery or distal internal carotid artery
might not be affected saturation effect of high FA.
Interestingly, the RIS of Neuroform and Wingspan
decreased as the FA increased. However, the RIS of
Solitaire and Enterprise increased as the FA increased
to the FA value of 50。 . Thus, the highest RIS of
Neuroform and Wingspan was obtained with FA of 20。 ,
and that of Solitaire and Enterprise was obtained with
FA of 40� or 50。 . Because the RIS in our experiment
was a function of background signal, signal of stented
artery and non-stented artery, we could not accurately
explain why the trend of the RIS changes according to
variable FA value was different in closed- and open-
cell design stents. We speculated the effect of reducing
RF shielding artifact by using high FA might
overwhelm other causes of signal loss of the stented
segment.  
The stents used in this experiment were made of
nitinol, which was known to nonferromagnetic metals
and cause negligible signal loss on TOF where the echo
time is very short. The thickness of strut and cell design
in intracranial stents seemed to be important to
determine the degree of RF shielding artifact. The
thickness of the strut in the open-cell design stent,
Neuroform and Wingspan was 0.07 mm, and that in
closed-cell design stents, Enterprise and Solitaire were
0.08 mm and 0.06 mm, respectively [2-4, 6, 25, 26].
The open-cell design and thinner stent strut of the
Neuroform and Wingspan stent might cause lesser RF
shielding artifact and provide better image quality as
compared with Enterprise stent. Although Solitaire
stent has the thinnest stent strut and open slit design,
the RF shielding artifact occurred comparable to
Enterprise stent due to its closed-cell design. As
compared with proximal and distal markers of other
stents, the relative thick, proximal marker near the
detach zone of the Solitaire stent caused complete
signal loss of the lumen due to susceptibility artifact.
Thus, it was impossible to evaluate the segment near
the proximal marker of the Solitaire stent.
It is known that wider BW can reduce susceptibility
artifact and overcome RF shielding effect. However,
this might reduce signal to noise ratio of the TOF-
MRA [21]. We had expected that wider BW could have
reduced RF shielding artifact in closed-cell design
stent, and decrease susceptibility artifact. However, the
change of the BW did not significantly affect RIS in
each stent in our experiment. To overcome RF shield-
ing artifact in closed-cell design stent, it is helpful to
use higher flip angle instead of wider BW. The
importance of higher FA to overcome RF shielding
artifact and narrower BW to improve signal to noise
ratio in closed-cell design stent should be emphasized
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Our experiment conducted with a silicone tube with
straight course. This straight course of our tube resulted
in different flow pattern from the in vivo situation, thus
artifact and signal reduction may be different in
tortuous intracranial large arteries. Moreover, the long
axis of the stent in the intracranial large arteries was not
always parallel to a main magnetic field. Further in
vivo study with various stents should be conducted
before clinical application.    
In conclusion, the degree of artifact was variable
according to the design of each intracranial stent. Thus,
MR parameter should be adjusted according to various
intracranial stents. The luminal visualization of closed-
cell design stents such as Solitaire and Enterprise can
be improved by higher FA. Further studies with various
stents and patients in clinical practice should be
conducted in the near future.  
Acknowledgement
This work was supported by the Konkuk University
Medical Center Research Grant 2010. 
References
1. Ta ¨htinen OI, Vanninen RL, Manninen HI, Rautio R, Haapanen A,
Niskakangas T, et al. Wide-necked intracranial aneurysms:
Treatment with stent-assisted coil embolization during acute (<72
hours) subarachnoid hemorrhage-experience in 61 consecutive
patients1. Radiology 2009;253:199-208
2. Fiorella D, Albuquerque FC, Deshmukh VR, McDougall CG.
Usefulness of the neuroform stent for the treatment of cerebral
aneurysms: results at initial (3-6-mo) follow-up. Neurosurgery
2005;56:1191-1202
3. Klisch J, Eger C, Sychra V, Strasilla C, Basche S, Weber J. Stent-
assisted coil embolization of posterior circulation aneurysms using
solitaire ab: preliminary experience. Neurosurgery 2009;65:258-
266; discussion 266
4. Lubicz B, Collignon L, Raphaeli G, Bandeira A, Bruneau M, De
Witte O. Solitaire stent for endovascular treatment of intracranial
aneurysms: immediate and mid-term results in 15 patients with 17
aneurysms. J Neuroradiol 2010;37:83-88
5. Suh DC, Kim JK, Choi JW, Choi BS, Pyun HW, Choi YJ, et al.
Intracranial stenting of severe symptomatic intracranial stenosis:
results of 100 consecutive patients. AJNR Am J Neuroradiol
2008;29:781-785
6. Costalat V, Maldonado IL, Vendrell JF, Riquelme C, Machi P,
Arteaga C, et al. Endovascular treatment of symptomatic intracra-
nial stenosis with the wingspan stent system and gateway pta
balloon: a multicenter series of 60 patients with acute and midterm
results. J Neurosurg 2011
7. Jabbour PM, Tjoumakaris SI, Rosenwasser RH. Endovascular
management of intracranial aneurysms. Neurosurg Clin N Am
2009;20:383-398
8. Hwang J, Roh H, Chun Y, Kang HS, Choi J, Moon WJ, et al.
Endovascular coil embolization of very small intracranial
aneurysms. Neuroradiology 2011;53:349-357
9. Klisch J, Clajus C, Sychra V, Eger C, Strasilla C, Rosahl S, et al.
Coil embolization of anterior circulation aneurysms supported by
the  solitaire
TM‚  ab  neurovascular  remodeling  device.
Neuroradiology 2010;52:349-359
10. Kaufmann TJ, Huston J, Mandrekar JN, Schleck CD, Thielen KR,
Kallmes DF. Complications of diagnostic cerebral angiography:
evaluation of 19?826 consecutive patients1. Radiology 2007;243:
812-819
11. Lakshminarayan R, Simpson J, Ettles D. Magnetic resonance
angiography: current status in the planning and follow-up of
endovascular treatment in lower-limb arterial disease. Cardiovasc
Intervent Radiol 2009;32:397-405
12.Hamer OW, Finkenzeller T, Borisch I, Paetzel C, Zorger N,
Feuerbach S, et al. In vivo evaluation of patency and in-stent
stenoses after implantation of nitinol stents in iliac arteries using
MR angiography. AJR Am J Roentgenol 2005;185:1282-1288
13. Lettau M, Sauer A, Heiland S, Rohde S, Bendszus M, Hahnel S.
Carotid artery stents: in vitro comparison of different stent designs
and sizes using CT angiography and contrast-enhanced MR
angiography at 1.5t and 3t. AJNR Am J Neuroradiol 2009;30:
1993-1997
14. Girardi M, Kay J, Elston DM, Leboit PE, Abu-Alfa A, Cowper
SE. Nephrogenic systemic fibrosis: clinicopathological definition
and workup recommendations. J Am Acad Dermatol 2011 Jul
1.[Epub ahead of print]
15. Yamada N, Hayashi K, Murao K, Higashi M, Iihara K. Time-of-
flight MR angiography targeted to coiled intracranial aneurysms is
more sensitive to residual flow than is digital subtraction angiogra-
phy. AJNR Am J Neuroradiol 2004;25:1154-1157
16. Wallace RC, Karis JP, Partovi S, Fiorella D. Noninvasive imaging
of treated cerebral aneurysms, part i: MR angiographic follow-up
of coiled aneurysms. AJNR Am J Neuroradiol 2007;28:1001-1008
17.Trost DW, Zhang HL, Prince MR, Winchester PA, Wang Y,
Watts R, et al. Three-dimensional MR angiography in imaging
platinum alloy stents. J Magn Reson Imaging 2004;20:975-980
18. Lenhart M, Vo ¨lk M, Manke C, Nitz WR, Strotzer M, Feuerbach
S, et al. Stent appearance at contrast-enhanced MR angiography:
in vitro examination with 14 stents. Radiology 2000;217:173-178
19. Wang Y, Truong TN, Yen C, Bilecen D, Watts R, Trost DW, et
al. Quantitative evaluation of susceptibility and shielding effects
of nitinol, platinum, cobalt-alloy, and stainless steel stents. Magn
Reson Med 2003;49:972-976
20. Lovblad KO, Yilmaz H, Chouiter A, San Millan Ruiz D, Abdo G,
Bijlenga P, et al. Intracranial aneurysm stenting: follow-up with
MR angiography. J Magn Reson Imaging 2006;24:418-422
21. Bartels LW, Bakker CJG, Viergever MA. Improved lumen visual-
ization in metallic vascular implants by reducing rf artifacts.
Magnetic Resonance in Medicine 2002;47:171-180
22. van Holten J, Wielopolski P, Bruck E, Pattynama PM, van Dijk
LC. High flip angle imaging of metallic stents: implications for
MR angiography and intraluminal signal interpretation. Magn
Reson Med 2003;50:879-883
23. Fro ¨lich A, Pilgram-Pastor S, Psychogios M, Mohr A, Knauth M.
Comparing different MR angiography strategies of carotid stents
in a vascular flow model: toward stent-specific recommendations
in MR follow-up. Neuroradiology 2011;53:359-365
24. Wall A, Kugel H, Bachman R, Matuszewski L, Kra ¨ mer S, Heindel
W, et al. 3.0 t vs. 1.5 t MR angiography: in vitro comparison of
76 Neurointervention 6, August 2011
Jin Woo Choi, et al.Neurointervention 6, August 2011 77
Optimal parameters of 3D TOF-MRA for Intracranial Stents
intravascular stent artifacts. J Magn Reson Imaging 2005;22:772-
779
25.Siddiqui MA, J Bhattacharya J, Lindsay KW, Jenkins S.
Horizontal stent-assisted coil embolisation of wide-necked
intracranial aneurysms with the enterprise stent-a case series with
early angiographic follow-up. Neuroradiology 2009;51:411-418
26. Patel NV, Gounis MJ, Wakhloo AK, Noordhoek N, Blijd J, Babic
D, et al. Contrast-enhanced angiographic cone-beam CT of
cerebrovascular stents: experimental optimization and clinical
application. AJNR Am J Neuroradiol 2011;32:137-144